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Abstract 

Rhesus macaqnes Wacaca imtona) a» a natpral xno4el tot retinal dnisen fonrnniorw TTie prcseoi study aixnet! at dqxifyiiig whether 
chramosoma] legioiis hoxnologous to candid^ s^nes for dnisen farmatioa and progzession in humqns sstt also ^oci^ned wiib a dtusen 
phoioiype tu rliesiis macaque;. Some 42 genetic nqad^ Aom seven elttomo6omal it^cam in^licated in macular degenaaiioD syisdromes in 
humans wm tested for whether ibcy identified bomolosous, polymoiphic sequancBS m thasus Dl^A. This was found to bo the oa$o for soven 
modcer^ oU of which were subsequently screened for the presence of potentially disoass-predxsposuig alleles in 52 randomly chosen adujt 
aiumals from the Cayo Sai^tiago populadon of rhesus macaques (Caribbeoa Primate Reseaiefa Center. PR, USA). The high drusen prevalence 
expected in the Cayo Santi^ colony was confixmed in our sample in that 38 animals were foimd to h&ve dn)3cn (73%). Lcfii^c tegressl^ui 
muilysis revealed thot som alleles ef the diesus homologue of anonymous human matter D6S2036 were consisteiiay over^i^tresented 
among affected animals. Of two candidate genes locaoed in the respective region, allelic variation in one (IMPGl) showed strong assododan 
with drusen founatioik We conclude that one or more genes located at the rhesus homologoe of Immi 6ql^l5 arc likely to play a role m 
letittal drusen fomatiod. a finding that r e pimc jus a fir^i step towfiids the idendficarion of genetic fetors implicated in macular dnisen 
fonnation in ibesus macaques, llus is an impatant tool tor the s^uuation of genetio and etrviiozmiontal facton which most occur befoie 
satisf&ctoiy mansigeaient methods can be developed, 
fi) 2005 Elsevier Ltd. All rights reserved. 
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1* Introduction 

The aetiology and pathogenesis of ag&-related bumap 
macular degeneration (AMD), a m^or cause for visual 
inqmiiment in the elderly population, axe not well under- 
stood. Strong evidence fbr a genedc contribudon to diis 
condition is provided, for example, by the fact thai 
monozygotic twins show strong concordance for AMD, 
and SBVaral genes implicated in e^y onset forms of macular 



* ConespoTiding aqther. Dr Jfit:^ Scfamxdacc, hu|iti4o of Konua Gonodcs, 
Hannover Medieal Sdiool, Caii-Keubeig-Str.l| D-a062S Hannover, 
Oermany 

E'ifutil ftddrus: scbnudtkejoeig<9mh4»nnoverjdd (7. Sdunidtke). 

0014-4335/$ - see front maiter ® 2005 Elsevier Ltd. AU leSeivBd. 
doS:lQLiOIOig.ei^.20a9i)2.0t ) 



degeneration have been reported (Gorii) ec al^ 1999; Ci^b 
et air, 2002). In the opinion of several auihooritieG, an initial 
obligatory symptom and a halhnaxk of the dise^ is the 
formation of dnison, deposits on Bruch's inembrano 
probably derived imm the retinal pigment q>itbelxmn 
(Saiks et al., 1999; Hageman ec al., 2001; 3(one et al.i 
2001). Association bodies such as that on patients fropi the 
Beaver Dam Eye Study (Wisconsin, USA) recently 
identified candidate regions for drusen formation on several 
human chmtnosomes, including nos. S, 6, 12, and 15 
(Schick et ol., 2003; Seddon et al^ 2003). An earlier affected 
ab-pair analysis yielded evidence for can&date genes on 
chromosomes 5 and 10 (Weelcs etaL« 2000). bis likoly that* 
at least in pan, the$e results loflect genetic boterogeneity 
between and within the populations studied 

It has been known for some time that i^iesns macaques 
Qdacaea mulatto) represent a natural model for retinal 
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F15. 1. Ftodus phccogmph of (lie Icjt «ya of a ibeiu^ mnos^e, fihowing piwctaw, eodeseed toad soft nwcul^r dnttn ^di aonic pi^iwm chaoges. Tto 
photo^nipli i> Qf Cftyo Santiago fbnialc T69^ 14 years (49 human ycanX 



diu^en foiraation ($tafford, 1974f El-Mofty ti al„ 1978). 
Clinically andultiasliuctanilly, rhesus deus^sa (Fis, 1) closely 
iesemblehumanpal3)0k)syashiba6hf etal., 196B;inshaferet 
al., 1987; Olin et al„ 1995) and, in progressed disease, they 
may be associated with mildly reduced visnal fimctxon oa 
measured by electrophysiological means (Engel et al., 1988; 
Dawson e^ al.» 1999). Drusen formadoni^ usually arolatively 
condition in Atsm macaqnes, aSbotin|( noi more ttian 
6% of the aging animals in US primate facilities (Bellhom ec 
al.» 1981;Stafibidetal., 1984). Extensive wodc by one of us 
(W.W-D.) who investigated this condition in the fitsd^giag 
colony of zfaesus macaques on Santiago (CS), Puerto 
Rico, revealed, however, that almost 60% of the animals 
living thaie aid affected. Both the prevalence and the severity 
. ofdru8enoACS]neEe^Iineaziywxthase(Hopeetal.tl992). 
As totiie causes of the high prevalence, it has been speculated 
that environmenial (diet, light exposure) and geneuc factoid 
may bodi play a role (Hope et a2.t 1992). A genetic 
component had to bo invoiced to oxpldn the significant 
differences in dnisenprevaleooe observed between different 
lineages of ancestry on the inland. 

The GS colony, and all 0111^1^^1^ deiiyed &om that 
population, are descendants of the 409 animals transferred 
from India to the Caribbean i^ 1938 by American zoologist 
R. A. Caipenter. No new anipials have been introduced since 
then. After 1956, all CS monkeys became individually 
identified and daily census records were constantly nudn- 
tained. Animals iegv4aify removed to ensure a constant 
colony size are housed in large outdoor corrals at the Scban^ 
Seca fiadlity of the Caribbean Primate Research Centra 
(CPRC) on mainland Puerto Rico. These animals juc^i 
social group M in which the present workQQs' 
performed. Owing to faumai) negUgcoco during World 
War H the CS population went through a bottleneck^^jjjjj^^^' 



1 15 animals. Given that the founder popt))4tion was inxtially 
small and became drastically reduced la^ on. any locna 
heterogeDeity involved in the causation of a particttlar 
phenoQ^ is likely to be ^aH on CS, thus rendeiing the 
colony particularly suitable for genetic association studies. 

We screened a r^iidomty selected subset of CS-deiived 
animals for the presence and severity of retinal dnisen 
fonnation and assessed the asaociaiion of tho phonotype 
with alldic vaziatim at markers 60m dir<mi08oma] xegions 
homologous to candidate genes Ibr drusen fonnation (and 
possible progression to AMD) in humans. 

This is ^ first study in a subbmnan primate aiming at 
identifying a getietic contribution to macular drusen 
formation. 



2i Methods 
2.7. Animals 

The sQidy group comprised 52 animals aged 7-22 years. 
These animals weiia randomly select^ from Cayo Santiago 
(CS>d«ived social SR>iip inaintoinod at tte Sebana Seca 
field stadon of the CazibbBan Primate Research Centie 
(CFRQ on mainland Puerto Rico. Since tiu foundation of 
the CS colony, the approximately 900 animals residing on 
the island at any time have only been subJeote4 to 
behavioural studies. Occasionally, social groups such as 
group M have, however* been moved to the mainland field 
station mtact to be used for special a^U£c prefects. The 
Spt^lti^»|||7ivas randomly si^x^vided into an initial focus 
fflifip^fflr34 animals (group I), tised for exploratory 
analysis, and a second sample qf 16 animals (group U) that 
^|g|j£^^s of independent verification for any 
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associatians obsaived in group I. A 2:1 ratio of sample sizes 
was chosen in order to provide siufi^ient power for 
the cxploraimy st^ge. Since all positive associadons were 
inteDded to undergo follow-up caDdidate gene aoalysds, 
we wcfo abld to compensate for the limited sample size by 
adopting a liberal significance levol of 20% for the second 
sta^. VeDoa; blood was obtained from all artiT^ai?! during 
annual health check-ups, and PNa was extracted from these 
samples using conventional phcnr>l--ehkzoform method- 
ology. Eyes were examined under ketamine anaesthesia 
(10-15 me icg"^), following pttpil dilatation (2% phenyl 
ephrin0-HCl) n^ing a direct ophthalmoscope, which 
provides advantages over a hand-held f^dus camera in 
tenns of drusen detail and detection (approximately 18 ^m), 
and which is also more convenient 10 use in the field and in 
animal quairers, Drusen load was classified as previously 
described (Dawson et al., 1989). In addition to the 
subsample of group M, another 13 animals were selected 
at random from the CS population (Ntlmbarg et al>» 1998) 
and used for a search of polymorphic markers. In all 
experiment?, the ARVO Scatemeni for the U$& of Animals 
in Ophthalmic and Visioq Research has been strictly 
adhered to. 

2,2. Laboratory procedures 

Seven chromosomal regions were chosen for genetic 
analysis. These segments are homologoos to regions 
hatboming candidate gonea fbr dn^sen development and 
macular degenei^on in bwnans, namely ABCA4 on 
chromosome Ip22-p2l known to be mutated in antoso- 
mal-iecessive Stargaidt disease (Hoyng et al., 1996; 
Allikmets et al., 1997); EFEMPl on chromosome 2pl6 
responsible for the causation of Malaitia Levendnese 
et al^ 1996; Stone et al., 1999); a group of lod on 6ql4-q2l 
including MCDR2 (SmaU et aL, 1993), PBCRA (Kelsell 
et al., 199S)p RP25 (Rniz ec 9l,» 1998), an anonymous locus 
at 6qI4 implicated in autosomal dominant drusen (Stefloo 
et al., 2000), EL0VL4 mutated in outosomal-dominant 
StaigardMike macular dystrophy (Stone et al., 1994; Zhang 
et sin 2001), IMPG2 mutated in benign ooneenuic annular 
macular dystropl^ (F^Ibor et aL, 1998; van litfi-Vedioeven 
et al., 2004), RJMJ mutated in cone-fod dysmoiAy (Johnsmi 
et sIm 2003); loci on 10q25-26 suggested to harbour an 
AMD-causing gene on tlie basis of a full genome scan 
(Weeks et al.« 2000); VMD2 on llql3 mutated hi Best 
disease (Stone et aL, 1992; Fonman et al.* 1992; Petmkhin 
et al^ 1998); T2MPB on 22ql2.1-13.2 kno^ to be 
associftted with Sorsby fundus dysooi^ (Capon ec al.* 
1989; Weber el al., 1994; Chang et al., 2000). For a total of 
42 polymorphic human markers, located wiU)in azul around 
these candidate genes, PGR primers wm designed and 
tested for (heir capability to yield a product of comparable 
size in rhesus macaque genomic DI^A. 'Hie ^tent of size 
variation per marker was assessed in a random sample of 13 
C5 animals (Table 1), AH polymorphic markers were first 
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AJJ polymoiphio markeis (Le. with number >1) comprise 
dinncleotidA rcpoeis. exoepi D6S1036 (tctmnnrlnntfitft repeal) ftod 
D10SI230 (utVTOQcleoiide xepeaO> 



stndied for an association with dnisen fonnadon in firoup 1, 
and subsequently analysed in gioup XL 

PGR assays contained 75 ngof genoznicDNA, 50 pmoles 
of forward and reverse primers, 2.5 U Taq polymerai^e 
(Qiagen, Gennany) in a totql volume of 50 1 XPCR 
boffer (Qiagsn, Germany). The standard PCR (Biometra, 
Gennany) protocol comprised denatuiation for 420 sec at 
followed by cycles with 30 sec anne^ng at 
S0-63^C» 30-40 sec elongation at 72%. and 30 aec dena-« 
tiiration at WQ, I^nal elongation was for 600 sec at 72"^. 
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An maiker? wem nm on 6% deoaturating PAGE in 1 X 
TB£ bu0er, md bands were visualized by silver staining. 
DNA sequtxKing was done on an ABI Prism 310 genetic 
analyser or a 3100 Avani genetic analyser^ u^ing the PNA 
sequencing kit-dye tenninator cycle sequencing leady 
reaction (P^ldn-Elmer, Poster City, USA). 

2.5. Simistical analysis 

Logistic regression {inalysis (Menard» 2001) was uised to 
assess, on a marker^by-maricer basis, which alleles poten- 
tially predisposed lo higher dnisen load. To this end, disease 
severely was first categorised into foor desses, dq^ending 
upon dnjsen count Cconcrols', *l-5', *6-10', '>10'). 
These classes were then taken to represent different ordinal 
response levels, and the dosage of each allele was modelled 
as an indcpandent risk factor in group I. Alleles were 
retrospecdvely classified as *xis]Q^* if they were assigned a 
negative factor in the logistic regression amdysis. Hnally^ 
all rislcy alleles of a given mazker wene con^siped bito a 
stDgle allelic class and the dosage of this risk allele class 
used as the eventual predictor variable in group n animals. 
All logistic regression analyses were carried out using die 
LOGISTIC procedvwe of the S AS smtistics software (SAS 
Institute Inc., Raleigh, NC). 

Hapk>iypo frequencies of znar&ers in one and the same 
gene were estimated using an implomentatian (*HAP^ 
MAX') of the em: algorithm (Krawczak et aL, 1988). 
Frequency differences between control animals arki animals 
affected by dnmi were assessed for statistical significance 
using a log-likelihood ratio test with a approximadon 
(Azzalini, 1$96). The level of genetic diffexentiation 
between cases aiul controls was assessed uali\g Weir and 
CockBEham*s (Weir and Coekerham, 1984), calculated 
using FSTAT Version 2S^ (Goudet, 1995). 



3. Results 

In aocoidauce with earlier obsen^tions (Hope ct al., 
1992), drusen prevalence was found to be high in our snxdy 
grotq). There were 14 animals without dmscm (*c<mtrols'), 
24 animals had I-'S drosen. 7 animals had 6-10 drusen, and 
7 animals had more than 10 drusen with occasional signs of 
coalescence and pzgmenc clumping. 

Primers for 24 of 42 human DNA markers (57%) yielded 
an inteipretable DNA prodnct in rhesus DNA« and 
seven of these (17%) were found to be polymorphic as 
well CTiable 1). The rcsnlis were therefore largely coiKistem 
wi|h previous tians-specific primer hybridisation oTCpei^ 
iments (NChnberg et al., 1998). Using genotype data 
available for 13 unlinked microsacellites and for the 
bpmologue of human MHC locus DQBlf ineviously 
formatted for kinship testing in rhesus macaques 
(Numberg et al., 1998), we assessed the level of genetic 
differentiadon between cases and controls in our sample. 



eJUscipth81 (2005)401-406 

Weir and Cockerfaam*s Pst (Weir and Cockeihana, 19B4) 
was —0.009, with a 95% bootstr^ing confidence interval 
of ['-0.037, O.OIO], There was dms no evidence for a 
systematic genetic difference between the two phenotypes. 

Upon initial identification and clumping of risk alleles in 
group I (n=^34)p logistic regression analysis revealed that 
mailcers DIS4J2 and D6S2036 were potentially associated 
with drusen formation (post hoc, p=^0.047 and 0.019, 
respectively). In group n (ft= 18), however, only D6S2036 
yielded a similar grouping of risk alleles ^ in group I 
(p=0.17), which was suggestive of ^ copsisren^ effect and 
prompted us to undertake a detailed candidatft gene pnalyas 
of the chromosome 6 region. 

T^o candidate genes from 6ql4-lS, namely EWVIA 
and /^A*<?i, were sequenced in all group I and II animalst ^ 
the 3'UTR of EL0VL4^ a complex allelic variant wa? 
detected, dd(2183Gn>226lA-*G^iel2523C.2597C-fT. 
No association between this polymorphism and drusen load 
was seen (data not shown). In the IMPOl geae, a total of six 
single nucleotide polymorphisms woe identified, namely a 
G--^ A exchai^ge ui axon 1 (gln221ys), a G-^ A exdiange in 
exon 7 (ala252thr), an A-^T e?;change in intron 6 (7 bp 
upstream exon 7), ^ sileni A-^G exchange in e^con 10 
(position 399), a G-^C exch^ge in exon 13 (scr509thr), 
and an A-» G exchange in exon 10 (mfii302val). Tte exon 1 
polymorphism occurs in a regjon that is highly eonserved in 
all mammalian species investigated so far, inclpding 
humans (GcnBank accession number NM0OI563), 
chimpanzee (own nnpublished result), mouse (BC022970), 
rat (NM023958), bovine (NM174362), and canine (own 
unpublished result). In all of these species, ^ne is the 
wild-^pe allele whereasr in our rhesus m^aque Bainple» die 
glutamic acid allele vn^ more frequent 

H^lolype ftcquendes of the sbt BdPGl SNPs were 
found to differ significantly between affected and non- 
affected anhnals Ct^=10.102, 3 df., ;'=0,018), This 
difference was mainly due to haplotype GGAACA Oocns 
order as specified above) whicb was found on some 17% of 
chromosomes of animals wift drusen fomution, but not in 
controls (Table 2). 
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■ AOelcs sfti given m tl)o locDS oi^er specified in (be tejct 
Moilfflum nicdlhood ecilma» ±2 mitfM deviations. 
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4. Discussion 

Hie rhesus monkey appears to provide the be$t animal 
model yei reported for ImasA ^finnlAted m^culBr dmsen. 
We heie present the first investigation of genetic factors 
possibly associated vnitb macular dmsen foimation in a non- 
human primate (macaca mutana\ employing a positional 
candidate approach. Seyen genetic marked weie found to 
identify polymoiphic fieqiiencefi in the rhesus genome. One 
of tbenu D6S1036^ was found to be potentially associated 
with drusen formation. D6S1O30 maps to a 8 Mb 
< 8 cM) interval on 6ql4-l5 containing several genes 
implicated in human macular d^eneiBtLon syndrontes on 
functional or positional gronnda, namely lUMJ^ KCNQS* 
SLC17A5, C6ojf7, MyoVl, IMPG2, ELOVIA, TTK, 
CABRRI and GABRR2 (Marco? et al., 2000; Edwards 
et a]., 2001; T^g et al.. 200li John^n et al, 2003; van 
lith-Verhoeven et al., 2004). Two of these genes, ELOVL4 
and IMPGI, were fully sequenced and checked for 
variation in the lespective codi!^ xenons of all svady 
ammalfi. Whilst a polymoiphism in the ELOVL4 gene was 
not found to be associated with dinsen» a particular IMPGJ 
haplotype (OGAACA) was identified as a strong risk 
factor for the fomiarion of dmsen. Nether the D6S2036 
nor the IMPG2 nsk alleles correlated wi^ age of onset or 
dniscn score. 

Our data demonstrate that one or more genes on the 
ifaesus bomologtto of hnman 6q are likely to play a role fai 
retinal drosen formation. It is possible that IMPGl is 
directly involved in paihogene^ bnt this evidence is a^ yet 
incondusive. Although the generic decors underlying 
dmsen fonnation are likely to be homogeneous in the 
Cayo Santiago popolatiOQ, the fact that not all afifected 
animals carded the IMPGl risic haploQrpe implies thai ic 
cannot be the only direct canse of disease in the populati<xi . 
Alternatively, th^ could be more than a single fundus sign 
that may be classified as 'dmsen' using current clinical 
methods » Studies are ctmently underway in order to 
ehicidalfi the potential role of other candidate genes in the 
same chEomosomal ze^on, indudiag Iilt42 and KCNQS. 
Fuifhor studio am plannad either at the functional level 
(gene expression analyses, immunohistochemistiy) or 
involving fiie clinical assessment and genotyping of 
offspring from our current focus group. These studies win 
expand the understanding of interactions whi<^ participate 
in fhepathoaetiology of diusen in rhesos macaques and will 
serve to validate this species as a primate model for early 
stage macular dftgftinflT^tlon in homans* 
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